INTRODUCTION
Protein-protein interactions play a pivotal role in mediating signal transduction pathways and executing many cellular functions. Defining how each protein interacts with its partners under physiological conditions provides insight into the cellular functions of the protein. Several methods have been developed to study protein-protein interactions in living cells. These include mammalian two-hybrid assays (1), protein complementation assays (2) (3) (4) (5) (6) (7) (8) (9) (10) , and fluorescent resonance energy transfer (FRET) (11) (12) (13) (14) . We previously took the protein complementation approach and used enhanced yellow fluorescent protein (EYFP) and enhanced cyan fluorescent protein (ECFP) to develop a bimolecular fluorescence complementation (BiFC) assay and a multicolor BiFC assay to directly visualize protein-protein interactions and to study the competition of multiple proteins in living cells (15, 16) . Due to stronger complementation signal and direct readout, the BiFC assay has been widely accepted and used for the study of protein-protein interaction in living cells (17, 18 , and references therein). However, one limitation of EYFP is the sensitivity of chromophore maturation to higher temperatures (19) . This requires preincubation of cells at lower temperatures prior to visualizing the BiFC signal (15, 16) . Therefore, the availability of new fluorescent protein fragments that can be used under physiological conditions will undoubtedly impact the future applications of the BiFC assay. Here we report the identification of several new combinations for BiFC analysis under physiological conditions.
MATERIALS AND METHODS
BiFC constructs using fragments derived from three newly engineered fluorescent proteins, Venus (20) , Citrine (21) , and Cerulean (12) were made. Plasmids pBiFC-bJunYN155 and pBiFC-bFosYC155, as described previously (15) , were used as templates. cDNAs encoding the N-or C-terminal fragments of Venus, Citrine, and Cerulean were amplified by PCR and subcloned into pBiFC-bJunYN155 and pBiFC-bFosYC155 to replace those encoding YN155 and YC155 ( Figure  1, A and B) . To facilitate the detection of their expression, all N-terminal fragments fused to bJun have a FLAG ® tag at their N termini, and C-terminal fragments fused to bFos have a hemagglutin (HA) tag at their N termini.
COS-1 cells were cultured in Dulbecco's modified Eagle medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum with penicillin and streptomycin in 12-well plates at 37°C. The indicated amounts of plasmid encoding bJun or bFos fusion proteins were transfected into COS-1 cells using FuGENE ® 6 (Roche Applied Science, Indianapolis, IN, USA). For ratio analysis, plasmids encoding ECFP or EYFP were cotransfected as an internal control to measure the BiFC efficiency of fragments derived from YFP or CFP variants, respectively. Images of transfected cells 24 h after transfection were captured using a charge-coupled device (CCD) camera mounted on a TE2000-U inverted fluorescence microscope (Nikon, Melville, NY, USA) with JP4 filters (Chroma, Rockingham, VT, USA). The intensity of more than 100 cells was individually quantified using an automated intensity recognition feature of Metamorph II (Universal Imaging, Downingtown, PA, USA). YFP/CFP ratio analysis was similarly performed as reported previously (15) . The median of YFP/CFP ratios was used for comparison of the BiFC efficiency among YFP variants and determination of BiFC specificity, since the distribution of the raw data was highly skewed (15) . Since 7.8% of the BiFC signal derived from N173 of Venus paired with C155 of ECFP was read in the CFP channel, we corrected this signal crosstalk by multiplying original CFP images with a correction coefficient. Briefly, cells transfected with plasmids encoding N173 of Venus fused to bJun and C155 of ECFP fused to bFos were used as a control to determine the correction coefficient.
Fluorescent images were captured with both YFP and CFP filters, and the correction coefficient was calculated as described for FRET (22) . The original CFP images in the multicolor BiFC experiments were multiplied by the correction coefficient using the FRET function provided in Metamorph II, and a representative of the corrected CFP images was presented here (see Figure 3B ).
To determine the excitation and emission maxima of each new BiFC complex, COS-1 cells were transfected with 0.25 μg of each plasmid encoding the fusion proteins and incubated at 37°C for 24 h. Harvested cells were resuspended in 1× phosphate-buffered saline (PBS) buffer (Hyclone), and FluoroMax ® 2 was used in conjunction with the Discovery Scan feature of DataMax for Windows (Horiba Jobin Yvon, Edison, NJ, USA) to determine the excitation and emission maxima of each BiFC complex.
To determine BiFC specificity, cells were cotransfected with various amounts of plasmid encoding each fusion protein in combination with 50 ng plasmid encoding ECFP. The median of YFP/CFP ratios was calculated from more than 100 cells. The specificity of BiFC represents the fluorescent signals derived from the reconstituted fluorescent proteins driven by specific bFos-bJun interactions. For the purpose of comparison among different groups transfected with different amounts of plasmid, the BiFC specificity was calculated as fold increase by dividing the median ratio derived from cells coexpressing bFos fusions paired with bJun fusions by the median ratio derived from cells coexpressing bFos(ΔZip) fusions paired with bJun fusions. Note that bFos(ΔZip) is a dimerization-deficient mutant and was paired with bJun as a background control (15, 16, 18 ).
To determine the expression level of various fusion proteins, transfected cells were harvested after images were captured and lysed in 100 μL 1× Laemmli sample loading buffer. The proteins were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by the transfer to a nitrocellulose filter. The expression of each fusion protein was determined using antibodies against the FLAG or HA epitopes (Sigma, St. Louis, MO, USA).
RESULTS AND DISCUSSION
To identify new fluorescent protein fragments for BiFC analysis under physiological conditions, we examined BiFC efficiency using Citrine and Venus (20, 21) , two new YFP mutants engineered to be less sensitive to the environment. Based on our previous findings that fragments derived from EYFP truncated at either position D155 or D173 can support BiFC when fused to the basic region leucine zipper domain of c-Jun (bJun) and the basic region leucine zipper domain of c-Fos (bFos) (Figure 1 , A and B) (15,16), we similarly truncated Citrine and Venus at these two positions and fused the N-and C-terminal fragments to bJun and bFos, respectively ( Figure  1B ). Coexpression of these fusion proteins in COS-1 cells resulted in fluorescence complementation in all combinations ( Figure  1C) . Quantification of the BiFC efficiency revealed that all three combinations of Venus showed a 12-to 15-fold increase and Citrine showed a 4-to 5-fold increase when compared with EYFP ( Figure 1D ). All combinations of fusion proteins were comparably expressed ( Figure  1E ). These experiments were carried out at 37°C, and images were captured 24 h posttransfection. Preincubation of cells at 30°C for 4 h prior to image capturing significantly increased the BiFC signal for EYFP fragments, whereas the BiFC signals derived from Citrine and Venus fragments were not significantly affected (data not shown). This confirms that the chromophore maturation of Citrine and Venus is indeed less sensitive to higher temperatures. Nevertheless, the average fluorescence intensity derived from EYFP fragments was still only 64% and 40% of that derived from Citrine and Venus, respectively.
To determine whether the newly identified fluorescent protein fragments affect the specificity of the BiFC signal, we used bFos(ΔZip), carrying a small deletion in the Zip region to eliminate specific dimerization with bJun (15), as a background control to compare the BiFC efficiency between wild-type bFos and this mutant bFos when they were paired with bJun fusion proteins (15, 16, 18) . As shown in Figure 2A , when fragments derived from EYFP were used, the BiFC signal derived from wild-type bFos was 3-to 5-fold higher than those derived from bFosΔZip within the range of amount of plasmids examined. Lower amount of plasmids for transfection showed relatively higher specificity. Similar tendency was observed when fragments derived from Venus were used ( Figure  2B ). However, the use of Venus BiFC plasmids exhibited higher specificity when compared with EYFP. In particular, the use of 0.125 μg plasmids encoding fusion proteins with Venus fragments showed 2-fold higher specificity than the use of EYFP fragments. Comparable expression of the fusion proteins was confirmed by immunoblot analysis ( Figure 2C ). When the fulllength c-Fos and c-Jun were examined using the Venus fragments, we observed very bright BiFC signals 12 h after transfection, whereas the use of EYFP fragments required 2 days incubation at 37°C plus at least 2 h preincubation at 30°C (data not shown). These results demonstrate that the use of Venus fragments for BiFC analysis not only eliminates the preincubation at lower temperatures, but also shows higher specificity and requires lower amount of plasmids for transfection, plus a shorter incubation time.
Protein-protein interaction is the foundation of signaling networks in cells. Each protein has a few, or even a large number of, alternative interaction partners. These alternative interactions are often selectively induced in response to specific signals. Alternatively, several interaction partners that coexist in the same subcellular compartment may compete for binding to shared interaction partners. Therefore, visualization of multiple interactions in the same cell provides a unique way to study protein interaction networks. Since green fluorescent protein (GFP) variants have virtually identical structure, and the chromophore is formed by three residues at positions 65, 66, and 67 (19), we previously examined all possible combinations among fragments derived from four GFP spectral variants and identified several combinations that showed better spectral resolution and supported the fluorescence complementation (16) . The best combination identified previously for multicolor BiFC analysis was the C-terminal fragment of ECFP (ECFP C155) paired with the N-terminal fragments of EYFP (EYFP N173) and ECFP (ECFP N173) (16, 23) . Recently, it has been reported that Cerulean, an improved ECFP, shows a 2.5-fold increase in fluorescence intensity compared with ECFP (12) . This prompted us to explore the possibility that a better multicolor BiFC combination may be identified in conjunction with the newly identified fluorescent protein fragments described above. The C-terminal sequences of EYFP and Citrine are identical, as are those of ECFP and Cerulean ( Figure  1A) . We compared the complementation efficiency of the C-terminal fragments comprised of residues 155-238 (C155) derived from EYFP, Venus, and ECFP with the N-terminal fragments comprised of residues 1-172 (N173) of Cerulean, Citrine, and Venus. C155 of ECFP showed higher complementation efficiency and lower signal bleed-through with N173 derived from Cerulean and Venus than any other combinations ( Figure  3A and data not shown). Interestingly, N173 of Citrine complemented with C155 of EYFP and Venus, but did not complement with C155 of ECFP. The only difference among fragments C155 of EYFP, Venus, and ECFP is T203Y (Figure 1A) , suggesting the importance of Y203 in fragment complementation of fluorescent proteins. We previously observed that the bZip domain dimers of all bZip proteins were predominantly localized in the nucleoli, whereas the complexes formed by a bZip domain and a fulllength bZip protein were predominantly localized to the nucleoplasm (15). This distinct subcellular localization was visualized simultaneously using our multicolor BiFC assay (16) . To validate the usefulness of the newly identified combination for multicolor BiFC assay, we examined the subnuclear localization of bFosbJun heterodimers and bFos-Jun heterodimers in the same cell (16) . When this combination was used, bright fluorescent signals derived from bFos-bJun heterodimers were predominantly localized in the nucleoli ( Figure  3B ). In contrast, bFos-Jun heterodimers were distinctively localized in the nucleoplasm. Again, transfected cells were only incubated at 37°C for 24 h.
In summary, we have identified Venus as the most useful yellow fluorescent protein for BiFC analysis of protein-protein interactions under physiological culture conditions. Furthermore, a new combination between C155 of ECFP and N173 of Cerulean and Venus has proven to be the best combination for multicolor BiFC analysis. The newly identified fragments offer two significant advantages over the previously reported BiFC constructs using EYFP and ECFP. First, the new combinations allow for lower amounts of plasmid for transfection and shorter incubation time, two recommended strategies to reduce nonspecific signals (18) . Second, the new combinations eliminate the need for preincubaton of cells at lower temperatures. Because a decrease in temperature itself is a stressful condition, the new combinations should be particularly useful for the study of signaling molecules involved in the stress response. These improvements lead to the increase of both the BiFC signal and the specificity. It is also very likely that the new combinations will be suitable for visualization of protein-protein interactions in whole animals. However, compared with other protein fragment complementation assays using enzymes, such as luciferase (9), β-galactosidase (2), and β-lactamase (4, 5) , the BiFC assay does not provide signal amplification. In addition, it remains to be determined whether the BiFC assay can be used to visualize transient and inducible interactions (e.g., within minutes) or dynamic interaction in cells, since the chromophore maturation of fluorescent to the presence of Y203, which might compensate for the presence of M69 in N173 of Citrine. Since the chromophore of fluorescent proteins must be protected from the environment (25) , it is important that the reassembly of fluorescent protein fragments is precise. It is therefore likely that complementation of fluorescent protein fragments is determined by a combination of residues from both Nand C-terminal fragments. Consistent with this notion, truncation at neither position 155 nor position 173 of EGFP supports the BiFC in our case (16) , whereas truncation at position 157 of EGFP allows the resulting fragments to complement (7) . Structural analysis of these reconstituted BiFC complexes will be necessary to provide insight into the mechanisms by which BiFC works. Regardless of the mechanisms, the newly identified fluorescent protein fragments reported here for BiFC analysis will be useful for the study of protein-protein interactions in living cells.
proteins requires at least 30 min (19) , and the BiFC complex is irreversible in vitro (15) .
One interesting finding in this and our previous BiFC analysis of GFP spectral variants is the unpredictability of fluorescence complementation. We initially thought that the truncation at positions 155 and 173 would be applicable to all GFP variants. However, neither of these positions worked with EGFP (16) . Interestingly, N-terminal fragments truncated at either site complemented with the C-terminal fragments derived from EYFP. The only difference between the C-terminal fragments of EYFP and EGFP is the residue at position 203 ( Figure 1A ). In the case of EYFP, Y203 was used in place of T203. This substitution allows a π−π interaction with the chromophore phenol ring (24) , suggesting that this interaction not only changes the spectra of the protein but also contributes to the reconstitution of the β-barrel structure. Similar to this Y203, our present analysis suggests that the position 69 also is critical to the fluorescence complementation. Fragments derived from Citrine and Venus all complemented with each other and showed higher BiFC efficiency than fragments derived from EYFP when cells were cultured at 37°C. This is due to the introduction of the substituted residues Q69M for Citrine and F46L for Venus (20, 21) . These substitutions are thought to facilitate chromophore maturation by increasing protein folding at 37°C. In addition to these two critical substitutions in Citrine and Venus, additional substitutions (F64L, M153T, V163A, and S175G) in Venus are also known to improve protein folding at 37°C (19, 20) , and these changes might contribute to higher BiFC efficiency for Venus over other YFP variants. Surprisingly, N173 of Citrine did not complement with C155 of ECFP, but N173 of EYFP did ( Figure 3A) . Since Q69M is the only difference between EYFP and Citrine, this observation suggests that the residue at position 69 not only affects the chromophore maturation but also contributes to the fragment complementation. However, N173 of Citrine complemented well with C155 of EYFP, Venus, and Citrine. Again, this is probably due
